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AMolting in insects is accompanied by the production of a molting fluid which
fills the exuvial space between the new and old cuticles and digests the inner layers of
the old cuticle.  Most of the products of digestion are resorbed. This process
has been studied in detail in the Cecropia silkworm by Passonneau and Williams
(1933).  During the pupal-adult transformation of the Cecropia silkworm, molt-
ing fluid appears in the exuvial space as soon as the epidermis retracts from the
old pupal cuticle.  This fluid persists for the first 19 days of the 21 days
of pharate adult life.  For the first two-thirds of this period the molting fluid is
gel-like and has 1o obvious effect on the overlving pupal cuticle.  However, on
about the fourteenth day of pharate adult development, the molting gel of the
pharate adult liquifies and begins to hydrolyze the proteins and chitin of the pupal
endocuticle. By the 20th day the endocuticle has disappeared, leaving a thin crisp
exocuticle and epicuticle.  On the 19th day, molting fluid begins to be absorbed and,
by the 20th day, most of it is gone from the exuvial space. On the 21st day, the
insect emerges.

It is generally believed that the epidermal cells secrete the molting fluid.
Whether they synthesize all of it, or secrete into it some components that were
synthesized elsewhere, is not known. The literature contains only scanty references
to the protein components of molting fluid.  Passonneau and Williams (1933)
showed that the early molting gel of Cecropia contains about 3 per cent protein. They
also demonstrated proteolytic and chitinolytic activity in the molting fluid. Chen
and levenbook (1966) examined the molting fluid and blood of the blowfly,
Phormia regina, by disc electrophoresis and reported that both fluids contained
several proteins with similar R; values. Their electrophoretic techniques did not
permit them to determine whether any proteins of the molting fluid were related to
those of the blood, or were products of cuticular digestion.

The mechanism of absorption of molting fluid prior to ecdysis is also unknown.
It is generally believed that the ability to absorb molting fluid is a generalized
property of the integument and that absorption takes place through the general
surface of the new cuticle (Passonneau and Williams, 1953; Wigglesworth, 1933,
1948, 1965). However, it is not known whether specific regions of the integument
are specialized as sites of absorption. Also, although it has been shown that small
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molecules are absorbed (¢f. review by Noble-Nesbitt, 1907 ), nothing is known of
the possible absorption of macromolecules.

This report exantines the proteins of molting fluid, epidermis and blood during
the pupal-adult transformation of the Cecropta sitkworm, by immunological and
electrophoretic techniques. Tt considers the following questions :

1. Which proteins (il any) are found in both molting fluid and blood, and
where are these proteins made?

2. To what degree do native proteins (from blood and molting fluid) and
introduced foreign proteins (from rabbit serum) move from molting fluid to blood
and vice versa during adult development.  How much macromolecular “traffic” is
there between the blood and the flutd in the exuvial space?

3. Are macromolecules absorbed when molting fluid is absorbed just prior
to ccdysis?

4. Is molting fluid absorbed by the general surface oi the newly formed mtegu-
ment or does absorption occur more readily at certain sites?

MAaTERIALS AND METHODS
Experimental animals

Larvae, pupae and pharate adults of the Cecropia silkworm, I yalophora
cecropia, were used in most experiments,  AMales and females were used mnter-
changeably since there appeared to be no sex-limited differences in the phenomena
we examined. In a few experimnts larvae of Saiia cvathia ricini and Galleria
mellonella were used.  Methods of rearing, storing, handling and staging these
insects have been described elsewhere (Krishnakumaran, Berry, Oberlander and
Schneiderman, 1967 ; Schneiderman and Williams, 1954; Telfer and Rutberg,
1960).  All animals were maintained at 25° C.

Reagents

Chemicals ased for disc electrophoresis and imnunoelectrophoresis were routine
commercial preparations.  Serum proteins came from laboratory rabbits.  Purified
rabbit ganmima globulins (7S and 19S) were obtained by iractionation on DEAE

celtulose columns and were lvophilized.  All of the insect tissues were washed in

0.85% NaCl.

Collection of fluid in tissie samples from developing adults

Molting fluid, blood and tissue samples were taken from Cecropia silkworms of
specific ages.  Phenylthiourea (PTU) was added to all wounds and to all samples of
tissue and fluids.  In most experiments the fluids or tissue homogenates were
centrifuged at 15,000 rpm in a Beckman “microfuge” for four minutes and stored at
—20° C until used.

Molting fluid: A small picce of cuticle was excised from the tip of the abdomen,
and approximately 200 ul of moiting fluid was collected in a capillary.  During
this process it was necessary to avoid touching the delicate epidermis with the
capillary.  Otherwise, tissue damage occurred and caused blood and molting fuid
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to mix. Molting fluid collected in the way described was not contaminated by
blood (see Results). Occasionally, molting fluid was collected from antennae or
wings for special purposes, but this fluid was often contaminated by blood.

Blood: Blood was collected from larvae, diapausing pupae and adults by means
of fine glass needles inserted into the heart. To avoid contaminating the blood of
pharate adults with molting fluid, special procedures were employed. In early
pharate adults, an incision was made through the pupal cuticle along the dorsal
midline of the abdomen. At this time, the epidermis is still closely pressed against
the cuticle above the heart, and blood was collected from the heart without contami-
nation by molting fluid. In late pharate adults, the pupal cuticle was removed,
the animal washed in saline and blotted to avoid contamination by molting fluid.
A sharp capillary was then mserted through the cuticle of the pharate adult inte
the heart to collect blood.

Epidermis: The developing wings and antennae are a convenient source of
epidermis. However, the blood present in these appendages made it impossible for
us to obtain epidermis free of blood, even though the tissues were cut into small
fragments and washed repeatedly. In contrast, the abdominal epidermis could
be isolated and freed of blood by careful dissection, fragmentation and repeated
washing in ice cold saline. The fragments were blotted to remove excess saline,
homogenized, centrifuged and the clear supernatant used for further analysis.
Abdominal epidermis prepared in this way had no detectable amounts of major
blood proteins.

Disc electrophoresis

For disc electrophoresis the procedure of Davis (1964) was followed, using
tris-glycine buffer (pIT 8.6) and applying 3 MA per gel for 30 minutes at 25° C.
The procedure was modified shightly to meet our special needs (cf. Patel and
Schueiderman, 1969 for details). Gels of several pore sizes were tested. A 4.3%
gel provided the best resolution for blood, molting fluid and epidermal proteins and
was emploved in most experiments. Gels were stained after electrophoresis with
Buffalo Black (=Naphthol Blue Black, Allied Chemicals) and were destained and
preserved in 10% acetic acid.

Immunological methods

Antisera to blood proteins of diapausing pupae and adults of male and female
Cecropia silkworms were prepared in rabbits.  The insect blood was emulsified in
Freund’s adjuvant and injected subcutancously into rabbits in four to six sites
along the vertebral column. Two weeks later boosters were injected into the same
sites.  The antisera were deepirozen at —20° C until used. These antisera could
detect up to twelve different Cecropia blood antigens in mmmunoelectrophoresis
experiments. Sheep antisera against total rabbit serum proteins and against rabbit
gamma globulins were prepared by conventional methods.

The immunoelectrophoretic procedures of Grabar and Williams (1935) and the
modified technique of Scheidegger (1935) were used to detect blood antigens in
various fluids and tissues.  Standard microscope slides were covered with 2 ml of
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Ficure 1. Typical acrylamide gel disc electrophorograms of blood and molting fluid
proteins of Cecropia moths at various stages of adult development. In all cases 2 ul of blood
or 10 ul of molting fluid were applied. FEach drawing represents an actual gel.  All samples
were mixed with an equal volume of upper gel solution saturated with sucrose before
photopolymerization.
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19¢ agar (Difco, Special “Noble™) in barbital acetate buffer at pl 8.0, p = 0.025
Troughs and holes were cut in agar as follows: 3 holes (1 nun diameter, 3 mm apart)
and two troughs (6 mm apart) (Figs. 3 and 5).  Electrophoresis was ])erformcd
at 200 volts, applving 7 to 8 MA per slide for 60 minutes at 3° C.  After electro-
phoresis, the separated proteins were reacted with rabbit sera against the blood
of Cecropia pupae and adults.  Precipitation arcs appeared after 12 to 48 hours at
257, slides were washed in saline for three davs, dried and stained with Buffalo
Black.

Ounchterlony’s double-diffusion analysis (Ouchiterlony, 1938) was carried out
in 3 em Petri dishes covered with 4 ml of 19¢ agar in barbital acetate buffer. One
central and 6 circumferential wells were cut out with a 13 gauge syringe needle and
spaced 5 mm apart from cach other (Fig. 6). Diffusion took place for 12 to 48
hours at 25° C.

Injection of dyes and proteins into the exuvial space and body cavity

Rabbit serum and purified rabbit gamma globulins were used as foreign proteins
to help us detect macromolecular “traffic™ between the exuvial space and the body
cavity. Their presence in fluid compartments and in tissues was tested for by
double diffusion analysis using sheep antiserum agaimst rabbit gamma globulin.  The
distribution and penetration of macromolecules irom one fluid compartment into
another were also studied, using both rabbit serum proteins and molting Huid
proteins stained with Buffalo Black. A series of dialysis studies with rabbit serum
proteins stained with Buffalo Black demonstrated that. at concentrations of 0.1%,
the dve remained firmly bound to the protein for at least 24 hours.  This staining
technique provided us with an easy way of tagging various proteins and studyving
their movements between fluid compartments. It was alwayvs confirmed by
immunological methods.

Injection of foreign proteins, dye-"tagged” proteins or dyve alone was made
either into the exuvial space or into the body cavity in the dorsal side of the
second or third abdoninal segment.

Injections into the exnvial space posed no problem. However, special tech-
niques were required to prevent blood and molting fluid from mixing during
injections into the body cavity.  In pharate adults younger than I4 days, the
injection was made in the second or third abdominal segment through the pupal
cuticle and directly into the heart.  The epidermis in this region is closely
pressed against the cuticle and no detectable mixing of blood and molting fluid
occurred.  In older pharate adults, the following procedure was carried out to
prevent the mixing of blood and molting fluid during injection or immediately
thereafter. A\ 6 mm square of pupal cuticle was excised between the second and
third abdominal segment above the heart and the exposed edges of the pupal
cuticle were sealed to the adult cuticle with melted paraffin.  The small depression
formed hy this procedure was washed with saline and a volume of blood com-
parable to the amount of solution to be injected was removed from the heart.
The experimental solution was introduced into the heart, and the exposed area
sealed with paraffin.
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ResuLrs
Compartmentalication of the exuwvial space

The first experiments were designed to determine whether compartmentaliza-
tion exists within the exuvial space.  About half of the molting fluid of the left
antemal case of a 10-day old pharate adult was removed through an opening in
the pupal cuticle and replaced by a mixture of molting fluid tagged with Buffalo
Black.  Omne day later, examination revealed that the stained protein had not
diffused from the antennal case. In a second experiment, a similar injection
was made into the left antennal case of a 20-day old pharate adult.  Five hours
after the injection, the Buffalo Black-tagged protein had spread from the left
antennal case to the fore and hind wings, head and thorax.

In another experiment on a 20-day old pharate adult 1 ml of 1% aqueous
solution of Buffalo Black was injected into the exuvial space at the tip of the
abdomen.  Ten hours after the injection, the Buffalo Black-tagged protein had
diffused into the wings, thorax and head.

These experiments were repeated several times with the same results. Clearly,
the exuvial space is compartmentalized and the fluids in the compartments do not
mix with one another until several days before emergence. IFor this reason, all
samples of molting fluid used in this study were withdrawn from the same place,
namely the tip of the abdomen. Apparently, molting fluid is formed separately
in several regions between which parts of the pupal cuticle remain attached to the
epidermis.  These areas of persistent attachment effectively divide the exuvial
space into compartments.  Just prior to ecdvsis, the pupal cuticle detaches in these
areas, and the exuvial space hecomes continuous.

The protein conposition of blood and moiting fluid as revealed
by disc electrophoresis

Samples of blood and of molting fluid were taken from pharate adults at various
stages of the pupal-adult transformation and from diapausing pupae. The samples
were subjected to disc electrophoresis and some typical results are recorded
i Figure 1. From an analysis of the gels illustrated in this Figure and more than
50 similar gels, the following facts emerged :

(1) The molting flnid was not contaminated by blood, hecause it was colorless.
The slightest contamination could be detected by the occurrence of vellow pigments.
Also, as Figure 1 shows, several of the densest blood protein bands (R; 34 and 43)
were absent from molting fluid.

(2) None of the major protein bands in the blood was a major component of the
molting fluid and vice versa. Band R; 66, a major blood protein component, was
detectable in low concentrations in the molting fluid. Al 5 major blood protein
bands had Ry's between 0 and 66 while major molting fluid protein bands had
R¢’s greater than 66.

(3) Molting fluid contained at least 10 proteins which were not detected in
the blood.

(4) Profound changes occurred in the protein pattern of the blood and molting
fluid during development.  Only changes that occurred in the molting fluid will
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be discussed here.  The molting fluid on day 7 is ol special interest because it is
still inactive enzymatically and does not contain products of cuticular digestion.
It contained & to 10 distinct protein bands, but none had R's less than 45.
However, between day 13 and 17, a number of new bands appeared with Ry's
ranging from 10 to 38, some of which persisted throughout development. \Whether
these proteins have anything to do with the enzymatic activity of the molting fluid,
or include products of cuticular digestion, will be considered in the discussion.

(5) A number of bands in blood and molting fluid have similar Res.  \Which
of these bands represented identical proteins is considered in the next section.

Lines of
precipitation R¢ values
(no.)
Upper gel
I -- —14 27,38
II - — —66.
Im- — —72,76.
| V_ _ _85,91,97
Tracking dye

Ficure 2. Diagram showing results of combined disc electrophoresis and immuno-
diffusion of molting fluid of 17-day old developing adult male Cecropia moth. The results
reveal four lines of precipitation (I-I\") indicating the presence of four blood antigens in the
molting fluid.  The R;: values of the molting fluid protem bands which correspond to the
lines of precipitation are indicated. It was not possible to determine which of several protein
bands corresponded to each line of precipitation. Stipples indicate (a) unfixed half of
acrylamide gel; (h) rabbit antiserum agamst blood of male pupae; and (c) rabbit antiserum
against blood of male adults.

Proteins common to molting fluid and blood

The following electrophoretic and immunological mecthods were used to
determine which protein bands with similar Rgs in molting fluid and blood are
identical.

Separation by disc clectrophoresis and precipitation by antisera against blood
proteins: Thirty pl of molting fluid from 17-day old pharate adult males were
applied to each acrylamide gel and the proteins separated as previously described.
Following electrophoresis, the gels were cut longitudinally into two halves: one was
stained with Buffalo Black to locate the protein bands and the other half was
placed on a microscope shide coated with 2% agar. Rabbit antisera against male
pupal blood and against male adult blood were added into two parallel troughs on
each side of the split gel.  Diffusion was allowed to occur until no new lines of
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precipitation appeared.  The results are recorded - Figure 2. Four lines of
precipitation were formed with antiserum against adult blood serum and two
with antiserum against pupal blood.  The R values of the molting fluid protein
bands which could correspond to cach of these hnes are recorded in Figure 2.
It is impossible to decide precisely which of these bands are the blood antigens.

From this result it is clear that the molting fluid of 17-day old pharate adults
contains 4 antigens found in adult blood.  Two of these antigens are absent from
pupal blood or present in much lower concentrations.  Further support for these
conclusions comes from immunoelectrophoretic data.

Ficure 3. Immunoclectrophoretic analysis of blood and molting fluid of 16-day old
developing adult male Cecropia moth. The wells contained (1) 2 ul of blood, (2) 10 ul of
molting fluid. and (3) 2 ul of blood. The longitudinal troughs had (a) rabbit antiserum
against blood of male pupae, and (b) rabbit antiserum against blood of male adults. The
numbered arrows indicate the lines of precipitation formed by blood antigens present in the
Cecropia blood and molting fluid.

Inmunoelectrophoresis: Molting fluid and blood from pharate adults 13, 16, 19
and 20 days old were analyzed by precipitation with rabbit antisera against the
blood of male pupae and against the Dlood of female pupac.  Figure 3 shows a
typical result obtained with a 16-day old pharate adult.  The manv lines formned
by the blood need not concern us.  The kev result is the demonstration that
molting fluid formed two lines of precipitation with antiserum against pupal blood
and five lines with antiserum against adult blood.  These lines corresponded to
those formed by blood antigens as follows:

(1) Lines 2 and 3 formed with antiserum against male pupal blood. A diffuse
line, No. 1, also formed but is not visible in the photograph.
(2)Lines 1 to 5 formed with antiserum against male adult blood.  There was
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Ficure 4. Acrylamide gel disc electropherograms of blood, molting fluid and
epidermis of an 11-day old, pharate, adult male Cecropia moth.

no basic change m the number or identity of the blood antigens present in molting
fluid during the final seven days of pharate adult development. These results
confirm and extend the combined disc electrophoresis-double diffusion experi-
ments described above.

Ouchterlony double diffusion analysis confirmed the identity between several
blood antigens and molting fluid antigens (cf. also results presented in section 4(c¢)
below and Figure 6).

The origin of proteins comnion to blood and molting fluid

It is generally believed that the epidermis is “the source of at least the principle
constituents of the molting fluid” (Passonneau and Williams, 1953).  To deter-
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Ficure 5. Immunoelectrophoretic analysis of blood, molting fluid and epidermis of 11-day
old, pharate, adult male Cecropia moth. The wells contained (1) 2 wul of blood, (2) 10 ul of
epidermal homogenate, and (3) 10 wl of molting fluid. In (A) rabbit antiserum against
blood of male pupae was in both troughs, and in (B) rabbit antiserum against blood of male
adults in both troughs. The numbered arrows indicate the lines of precipitation formed by
Cecropia blood antigens. Lines 3 and 5 did not show up in the photograph.

mine whether the epidermis was the source of the five antigens found in both the
molting fluid and blood, epidermal proteins were examined by disc electrophoresis,
immunoelectrophoresis and double diffusion.

Figure 4 records the results of disc electrophoresis of epidermis, blood and
molting fluid from 11-day old pharate adults and demonstrates that the epidermis
and molting fluid have a number of proteins with the same R; values. They
both lack the same major blood proteins. In short, in terms of disc electro-
phoresis patterns, epidermis resembles molting fluid more than blood.

The identity between certain epidermal, molting fluid and blood proteins was
established by the following immunoelectrophoretic analyses. Blood, molting fluid
and epidermis from 1l1-day old pharate adults were subjected to immunoelectro-
phoresis using antisera against male pupal blood and male adult blood. It is
evident from the results in Figure 5 that blood antigens 1, 2 and 3 were present
both in the epidermis and the molting fluid when reacted with antiserum against
pupal blood. Lines of precipitation 1, 2, 4 and 5 were formed by the epidermis
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and lines 1 to 5 by the molting fluid following their reaction with antiserum against
adult blood. The yellow pigments characteristic of both pupal and adult blood.
which are bound to certain blood proteins, were absent from the abdominal
epidermis as well as from the molting fluid of pharate adults.

These observations show that epidermis contains at least 4 of the 5 Dblood
antigens found 1 the molting fluid. Proof of the identity among the antigens in the
epidermis, blood and molting fluid was established by Ouchterlony double-diffusion
analysis as follows: Molting fluid, blood and abdominal epidermis of 11-day old
pharate male adults were examined by the Ouchterlony double-diffusion technique

A B

Ficure 6. Double diffusion analysis of blood, epidermis and molting fluid of 11-day old,
pharate, adult moth absorbed with two different antisera. Surrounding wells were prepared
with (1, 4) blood, (2, 5) abdominal epidermis, and (3, 6) molting fluid. In (A) the center
well contains rabbit antiserum against male pupal blood, and in (B) the center well contains
rabbit antiserum against male adult blood. Blood antigens present in these three protein
mixtures which fuse and form lines of identity are indicated by arrows. Another line of

identity in (A) between wells 2 and 3 and between wells 5 and 6 did not show up in the
photograph.

for the presence of lines of identity between these three protein mixtures. Rabbit
antisera against male pupal blood and male adult blood were used. The results in
Figure 6 reveal that two identical lines of precipitation were formed by the molting
fluid, epridermis and blood when tested with antiserum against pupal blood. Figure 6
also shows that at least two identical lines were formed by blood, molting fluid
and epidermis when reacted with antiserum against adult blood. In both cases
heavy lines of precipitation were formed only by the Dlood. and were absent
from the epidermis and molting flnid.

Although the resolution of the double-diffusion technique is much less than that
of immunoelectrophoresis, these observations are consistent with the results of
immunoelectrophoresis and establish that several of the blood antigens present in
molting fluid are identical with those present in the epidermis.

The route of entry of blood antigens into molting fluid

The occurrence of blood antigens in molting fluid raises the question of how they
get there. Are they secreted hy the epidermal cells into the exuvial space and also
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mto the blood?  Or, do they originate in some other tissue, to be transported by
epidermal cells into the exuvial space?  Indeed, this raises the more general
question of what sort of commierce there is between the molting fluid and Dblood
compartments of the insect.

To answer this question, rabbit whole serum and rabbit whole serum tagged
with Buffalo Black was mjected into the abdominal exuvial space or into the body
cavity of pharate adult females of different ages. Double diffusion analvsis with
sheep antiserum against rabbit gamma globulin was used to detect the prescence of
the gamma globulin fraction of the injected serum in various fluid compartments
and tissues.  The distribution of Buffalo Black-tagged proteins was visually
determned.  Unless otherwise ndicated each experiment was repeated on three
animals.

Injection of rabbit serum proteins into the cxuvial space: In the first experi-
ment 200 pl of molting fluid was removed from 7-day old pharate adults.  Follow-
ing this, 150 pl of rabbit serum was injected into the exuvial space and the open-
g sealed with parafin.  Four or ten days after the injection, the animals were
sacrificed and blood and molting fluid were analyzed by double diffusion. the
results revealed that rabbit gamma globulins were detected in the molting fluid
but not in the blood. Apparently, in 11- to 17-day old pharate adults, the rabbit
serum proteins did not move from the exuvial space into the blood. Also, the
rabbit serum proteins retained their antigenic activity for at least ten days in the
molting fluid, notwithstanding the presence of proteolytic enzymes in this fluid
(Passonncan and Williams, 1953).

In another experiment, between 20 and 100 pb of whole rabbit serum protein
were injected into the exuvial space of 19-day old pharate adults at the peak of
molting fluid absorption. Twenty-four hours later, blood and molting fluid were
tested by double diffusion analysis for the presence of rabbit serum proteins using
sheep antiserum against whole rabbit proteins and sheep antiserum against rabbit
gamma globulin.  No rabbit serum proteins were detected in the blood, but they
were found m the molting flnid.

In a third experiment 250 pl of whole rabbit serum was injected into the exuvial
space of a 20-day old pharate adult. The insect resorbed its molting fluid four days
later, whercupon blood, fat body and ovaries were examined by double diffusion
analysis.  No lines of precipitation were observed.  Apparently, immunologically
active rabbit serum proteins are not resorbed into the blood even when active
molting fluid absorption takes place.

To summarize, foreign proteins injected into the exuvial space of pharate
adults of different ages could not be detected in the blood of these animals by
immunological methods.  This finding indicates that macromolecules similar to
rabbit gamma globulins do not penetrate the new adult cuticle and epidermis
to enter the blood, prior to or during active molting fluid absorption.

Injection of rabbit serum proteins into the body cavity: The next question asked
was whether macromolecules could cross the epidermis from the body cavity into
the exuvial space. To answer this question, rabbit serum proteins were injected
into the heart of pharate adults of different ages.

In the first experiment, 7-day old pharate adults were injected with 100 gl
of rabbit serum and killed 4, 10 or 15 davs thereafter. Double diffusion analysis
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of molting fluid, fat body and blood revealed rabbit gannma globulins only in the
blood.  Thus, although rabbit globulins were detected in the blood for 13 davs
after injection, these proteins failed to pass from the blood into the exuvial space
at any stage.

A similar experiment was performed on l4-day old pharate adults in which
350 pl of rabbit serum protein tagged with Buffalo Black were injected.  The
pharate adults were killed five days after the injection, and Dlood, molting fluid
and various tissue were examined visually for the presence of blue dve, and
immunologically by double diffusion, for the presence of rabbit serum proteins.
The results revealed that the oocyvtes were the only tissue, besides blood, which
contained gamma globulins.  The oldest oocytes did not stain blue, but vounger
ones did, and the oocytes as a whole contained gamma globulins.  However, when
gamma globulins were injected on days 19 or 20, none of the oocytes took up ganuna
globulins.  Although the Malpighian tubules were stained blue, no antigenically
active gamma globulins were detected.  Apparently the blue color is due to dve
molecules which dissociated from rabbit serum proteins that might have been
degraded.

Taken together, these experiments indicate that foreign proteins do not
penetrate from the exuvial space to the blood or vice versa. The presence of
certain native proteins in the blood and their absence irom the molting fluid,
coupled with the presence of certain native proteins in the molting fluid and their
absence from the blood, also demonstrates an effective separation between the two
fluid compartments.  The results suggest that the blood antigens found in the
moltmg fluid are not transported from the blood into the molting fluid, but
are secreted by the epidermis directly into both molting fluid and blood.

Sites of molting fliid absorption

To identify the sites of molting fHuid absorption, the fate of Buffalo Black-tagged
molting fluid was investigated.  In pharate adults, molting fluid is absorbed on
days 19 to 21. A series of developing adults 17 to 18 davs old had the pupal
cuticle on the tip of the abdomen removed, 0.1 ml of molting fluid was collected
and mixed with 0.9 ml of 29, Buffalo Black in saline. The resulting mixture was
reinjected into the exuvial space.  Four days later, after emergence, the adult
integument was examined.  Only one part of the abdominal integument showed
conspicuous blue staining.  This was a narrow band located on each interseg-
mental membrane close to the sclerotized ridge at the posterior margin of each
segment (Fig. 7). This blue-staining band was made up of many small pits or
depressions about 13 inicrons in diameter.  These pits were the only part of the
cuticular surface that stained blue (Fig. 8) and from which diffusion of blue dve
down and laterally into the integument took place.

In another experiment pupal cuticle was removed from 19- and 20-day old
pharate adults and a drop of Buffalo Black-tagged molting fluid was applied to
artous parts of the adult integument. The penetration of the blue dye through
the pits could be followed under the microscope. \Within 15 minutes the dye was
absorbed through the pits and its centrifugal diffusion into the integument could be
followed. Tt was absorbed only through the pits.
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These pits absorbed Buffalo Black-tagged molting fluid only prior to ecdysis.
If Buffalo Black-tagged molting fluid was applied to the integument after ecdysis,
the dye-protein mixture accuinulated on the pits, bhut could be washed away with
saline, It failed to enter the integument, presumably, hecanse of a waterproof
coating on the pits.

Similar pits are also found in corresponding parts of larvae and pupae.  They
are permeable to Buffalo DBlack-tagged molting fluid only before ecdysis.  In
fifth-stage larvae of Samia cynthia ricimi, for example, five to six hours alter
ecdysis, the pits failed to absorh Buffalo Black-tagged molting fluid,  In pre-

Ficure 7. Portion of dorsum of abdomen of newly emerged female Cecropia moth
showing tonofibrillar insertions in the intersegmental membrane (arrows). Buffalo Black dye
was applied to the suriace of the cuticle to emphasize the bands of pits for photographic
purposes (% 16).

pupae of Galleria mellonella Buffalo Black-tagged molting fluid was also absorbed
via pits, but after pupation there was no absorption.

These pits appear to be principal sites of molting fluid absorption in the ab-
domen.  In the thorax, molting fluid is resorbed on the patagia, parapatagia,
membranes at the bases of the legs and also in the membranes lying between
epimeron 2 and 3 and subalare 2 and 3. In the head, some Buffalo Black-tagged
molting fluid appeared to be sucked into the mounth and some was also absorbed
by the integument beneath the mouth parts.

These pits mark the points at which tonofibrils occur.  In the abdomen, the
longitudinal muscles attaching adjacent segments and the lateral muscles within
a segment make tonofibrillar insertions in these pits. In pharate adult Cecropia,
the small portion of each tonofibril which attaches the pupal cuticle to the adult
cuticle (and due to which the pharate adult is capable of moving the pupal cuticle)
breaks down after about day 18.  After this time, the absorption of molting fluid
takes place through these pits in the adult integument.
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I'icure 8. Tonofibrillar insertions showing absorption of stained molting fluid proteins
in a portion of the intersegmental membrane of a 21-day old, pharate, male Cecropia moth.
Approximately 250 ul of molting fluid tagged with Buffalo Black had been injected on day 18
into the exuvial space. Three days later, the animal was killed and a portion of the abdominal
dorsum was free of adhering tissues and fixed. An overall view of a portion of a segment
(% 320) is shown above (A), and a high power view of above (> 800) below (B). Labels
indicate: (a) intersegmental membrane, (b) tonofibrillar insertions or “pits,” (¢) the sclerotized
ridge, and (d) a segment showing scale sockets.

These experiments with Buffalo Black-tagged protein suggest that some macro-
molecules are absorbed from the molting fluid.  Proof that this occurs was
provided by the following immunological experiment. An injection of 275 pl of
rabbit serum was made into the ecdysial space of an 18-day old developing adult.
When it had emerged five days later the integument (adult cuticle plus epidermis)
was freed of surrounding tissues and scales and washed thoroughly in saline. It
was then homogenized and tested for the presence of rabbit serum proteins by
double diffusion analysis.  The results revealed rabbit serum proteins in the
integument, while longitudinal muscles which are attached to the tonofibrils showed
no reaction. Identical results were obtained with rabbit serum proteins tagged
with Buffalo Black.  These observations prove that the integument absorbs
macromolecules along with molting fluid and these remain there for several days
in an immunologically active state.  The results indicate that in the normal
process of absorption of molting fluid some macromolecules may be absorbed intact.
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Principal sites of absorption in the abdomen are the tonofibrillar insertions.
The absorbed proteins do not appear to enter the blood hut some of them enter
the mtegument.

DiscussioNn

The results indicate that molting fluid is a separate fluid compartment and has
at least 10 protein components which were not detected in the blood.  These 10
components are not products of cuticular digestion since they are present in inactive
molting fluid prior to cuticular digestion.  The blood and molting fluid do share
five antigens.  One of these, a major blood protein band, is a minor component of
molting fluid.  The other four common protein components are minor compart-
ments of both blood and molting fluid.

This different protein composition in the two Huid compartments depends on the
epidermal cells which act as a barrier to most macromolecules m the molting
fluid and the blood. The existence of this barrier is evident from the fact that
nunlerous native blood proteins were never detected in the molting fluid, and many
native molting tluid proteins were never detected in the blood.  Moreover, Buffalo
Black-tagged molting fluid proteins also failed to appear in the Dlood.  Similar
results were obtained with various rabbit serum proteins of different molecular
weights which failed to cross from one fluid compartiment to another at any stage
of adult development.

The fact that the epidermis acts as a barrier to many macromolecules suggests
that most molting fluid proteins are synthesized by the epidermis itseli and are not
synthesized elsewhere and transported to the epidermis.  This being the case,
the presence of five common antigens in hoth molting fluid and blood suggests
that, either (a) the epidermis secretes certain proteins in only one direction, but
can secrete other proteins (the five blood antigens) in both directions; or (b)
the epidermis secretes the five antigens into the molting fluid and other tissues
secrete the same proteins into the blood: (¢) the common antigens are secreted
by some other tissues into the blood and are transported by the epidermis into
the molting fluid. We favor the first suggestion.

These observations lead us to question earlier conclusions that molting fluid
contains blood (e.g., Jeuniaux, 19538). It scems likely that, in those cases where
molting fluid contains blood, some damage to the delicate new cuticle and epidermis
occurred which caused mixing.  Indeed, the only bona fide cases where blood is
to be expected as a normal component of the molting fluid are in msects like
Sialis in which the larval gills with enclosed blood are trapped in the exuvial
space at the time of pupation (Selman, 1960).

It 1s also worth noting, that, unless great precautions are taken, it is difhcult to
obtain blood from pharate adult insects without contaminating it with molting
fluid. There have been several reports of proteins that appear in the blood only
at the time of molting (e.g.. McCormick and Scott, 1900).  One wonders
whether some of these molt-connected blood proteins might be molting fluid pro-
teins that contaminated the blood in the course of collecting blood samples.

As far as the exchange of small molecules between blood and molting fluid 1s
concerned, we have no new data.  Wigglesworth (1933) and Jeuniaux (1938}
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indicate that dyes of molecular weights up to at Teast 500 can move from the molting
fluid to the blood and Passommean and Williams (1953) have shown that glyeine
-C** readily moves from the exuvial space mto tissues.  Locke (1960) has pre-
sented evidence that small molecules are absorbed through small 30 A pores in
the cuticulin of Calpodes.

The change in protein composition of molting fluid during adult development
requires comment. Recent electron micrographic studies of molting in Apterygota
indicate that molting fluid initially consists of granules with inactive enzymes which
later become active (Noble-Neshitt, 1963a, 1963b).  The mechanism of this
activation is not understood. In the present experiments, there was a great
increase in the number of protein bands in molting fluid during the last eight
days of adult development, at which time the molting fluid becomes activated.
Whether these new hands represent newly-secreted proteins or enzvmes, a re-
arrangement (activation?) of previously secreted proteins, or some cuticular
breakdown products is not yet known.

The mechanism for absorption of the molting fluid during the final two dayvs of
adult development is unknown. Contrary to the generally held view, the absorp-
tion does not take place through the integument as a whole, but through particular
regions. In the head and thorax, these regions are principally various flexible
membranes at the hases of the appendages. In the abdomen, the principal sites
of resorption are pits which represent the points through which tonofibrils make
attachment to the old cuticle. In all cases in which it has been studied carefully,
the tonofibrils remain attached to the old cuticle until just before eedysis (Lai-Fook,
1966 ; Noble-Neshitt, 1963a, 1963 ; Wachter, 1930 Wolfe, 1954). This appears
to be true also m developing adult Cecropia.  Until the tonofibrils break, the old
and new cuticles are closely bound together at the points of attachment. On
about day 19, the attachments between the tonofibrils and the pupal cuticle ruptures,
and the adult can now move within the old pupal cuticle. The cause of this rupturing
is not clear, however. As a result of the rupturing, the part of the tonofibrils
connecting the two cuticles detaches from the new adult cuticle and leaves the
point of attachment on the new cuticle exposed. It is through this exposed surface
of adult cuticle—the pit—that molting fluid is absorbed.

The particular ultrastructural features of the tonofibrils that make them suitable
sites for resorption requires further study (cf. e.g., Auber, 1963 ; Bouligand, 1962).
Perhaps it is simply that by day 19 most of the cuticle is covered with substances
that render it impermeable to molting fluid, whereas the newly exposed cuticular
surfaces of the pits are permeable to macromolecules.  Tn any event, although the
epidermis on the general surface of the abdomen may be able to absorb molting
fluid. in practice, the principal sites of absorption are the pits.

It has been demonstrated previously that, after molting fluid absorption, some
molting fluid proteins remain on the surface of the adult cuticle after ecdysis
(Wolie, 1954 Jeuniaux, 1957). THowever, so far as we are aware no one has
demonstrated that macromolecules in the molting fluid get absorbed. The present
experiments with rabbit serum proteins demonstrate absorption of foreign proteins
from the molting fluid and also demonstrate that these proteins end up n rather
than on the integument. \Whether they are in endocuticle, epidermis or both was
not determined.
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SUMMARY

1. Molting in insects is always accompanied by the production of a molting
fluid which fills the exuvial space between the new and the old cuticle and digests
the inner lavers of the old cuticle.  In Fiyalophora cecropia, molting fluid is
secreted at the outset of adult development and persists until two days before
eclosion, whereupon it is absorbed.

2. The present report examines the protein composition of the molting fluid
of Cecropia, the origin of the molting fluid proteins, the relation of these proteins
to blood proteins and the exchange of macromolecules between the molting fluid and
the blood. It also examines the sites of absorption of molting fluid.

3. Disc electrophoresis on acrylamide gels reveals that the molting fluid of
Cecropia contains ahout fifteen protein bands which can he resolved at pTT 8.6.
Some of these protein bands are detected in the molting fluid at ail stages, whereas
others appear only at specific times.  About ten of the hands are peculiar to molting
fluid and are not detected iu the blood.  About five bands are detectable in hoth blood
and molting fluid, but none of these conmmon bands appears to be a major component
of the molting fluid, and only one is a major blood protein. In contrast, the
epidermis contains most of the major protein bands found in molting fluid but
lacks all but one of the major protein bands present in the blood.

4. Immunological analysis reveals that blood and molting fuid share five
antigens. At least four of these common antigens also occur in the epidermis which
appears to secrete these antigens into both the molting fluid and the blood.

5. Native and foreign proteins do not penetrate from the exuvial space into the
blood or vice versa. Apparently the epidermis and cuticle act as a barrier to the
exchange of most macromolecules between the blood and molting fluid.  The
exuvial space is clearly a separate fluid compartment.

6. In addition the exuvial space itself is compartmentalized and the fluids in the
compartments do not admix several days before eclosion.

7. Absorption of molting fluid during the final two days ol adult development
occurs most readily through particular regions of the integument. In the abdomen
the principal sites of absorption are pits which represent the points through which
tonofibrils make attachment to the old cuticle.  Two days before ecdysis, the
attachments between the tonofibrils and the pupal cuticle rupture, exposing the
points of attachment on the new cuticle. It is through these exposed surfaces
that much of the molting fluid is absorbed. Molting fluid is also absorbed in the
head and thorax through various flexible membranes at the bases of the appendages.
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